The literature embodies suggestions1 that the sarcotubular system or endoplasmic reticulum, a fine network of channels surrounding the myofibril,2 conducts impulses from the outer membrane of the cell to the contractile apparatus, an activity which may be mediated by the ability to regulate the supply of calcium to the myofibril. Intracellular microapplication of calcium has been shown to produce local contracture in the intact skeletal muscle fiber.3 4 Furthermore, a granular or microsome fraction, derived by fragmentation of the endoplasmic reticulum of skeletal muscle has the ability to concentrate calcium actively,5-'0 to bring about relaxation of muscle fibers1 or of myofibrils,12 and inhibition of myofibrillar ATPase.'3' 14 In the heart, an endoplasmic reticulum has been revealed in electron micrographs, but it seems to be less abundant than in skeletal muscle.2 Preparations of granular fractions from heart muscle have been partially characterized with respect to some enzyme activities,'5 16 but it proved difficult to obtain stable preparations, and calcium uptake proceeded at a low rate. 1 Indeed it appeared that the calcium accumulating mechanism was more a characteristic of mitochondria than of the microsome fraction.'8 In the present communication the preparation and partial purification of a sarcotubular fraction from rabbit hearts will be described, including a characterization of some of its enzymatic properties. It will be shown that calcium uptake in this sarcotubular fraction proceeds at a rate not much lower than in preparations from skeletal muscle and very much higher than in mitochondrial preparations. We suggest that a cardiac "calcium pump" located in the sarcotubular system controls rhythmic contraction and relaxation of the heart. Materials and Methods.-Preparation of fractions: About 15-20 hearts from freshly killed rabbits were chilled on ice, dissected free of fat and blood vessels, cut into small pieces, and immediately homogenized in a Waring Blendor for 15 sec in 100-125 ml ('ll/2vol) of ice-cold 0.3 M sucrose containing 0.2 mM ascorbic acid at pH 7.0. The homogenate was centrifuged in a Lourdes centrifuge for 15 min at 2000 X g (4000 rpm). The pellet of cell debris and nuclei was discarded. The supernatant was centrifuged again in the Lourdes centrifuge at 15,000 X g (11,000 rpm) for 20 min, yielding pellet I (mitochondria). Further centrifugation of the supernatant at 30,000 X g (21,000 rpm) for 1 /2 hr yielded pellet II (microsomes or granules). When this supernatant was centrifuged at 100,000 X g (50,000 rpm) again for 1 /2 hr, pellet III (small microsomes) was collected. The pellets were suspended in approximately 5 ml NaCl-oxalate (0.08 M NaCi, 0.005 M Na oxalate). Protein concentration was determined by the method of Lowry et al."9 using bovine serum albumin as a standard.
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Further purification of the microsome fraction (fraction II) was achieved by gradient centrifugation in sucrose. 20 The pellet that had sedimented between 15,000 and 30,000 X g was suspended in 5 ml 0.08 M NaCl, 5 mM Na oxalate at pH 7.0, layered over a sucrose solution (6 ml each of 35%, 45%, 55%, 70% sucrose), and centrifuged for 2 hr in a Spinco model L swinging bucket rotor at 25,000 rpm. Under these conditions 3 protein layers separated: (1) a narrow zone between 45% and 55% sucrose, (2) the main layer between 35% and 45% sucrose, and (3) a layer of red color on top. The three layers were withdrawn with a syringe and stored at 20C in ice. Appropriate amounts were diluted with 40% sucrose to the desired concentrations immediately before use.
Experimental procedure: Incubation mixtures contained 5 X 10-3 M Na oxalate, 5 X 10-3 M MgCl2, 5 X 10-3 M ATP (free of calcium, cf. ref. 9), 0.12 M NaCi, 0.01 or 0.02 M histidine buffer pH 7.2, and 1 X 10-4 M CaCi2 in a total volume of 2 ml. The use of Na+ as the predominant inorganic ion rather than K+ seemed to give more or equally active preparations in accordance with previous results on skeletal muscle granules.9 The protein concentration was 0.25 or 0.08 mg/ml. Preparations obtained by gradient centrifugation were added in 40% sucrose, and the incubation mixtures contained 4% sucrose. The rate of calcium uptake was measured as before,9 using Ca46 and filtering the reaction mixtures at specified time intervals through Millipore filters (0.45 u diameter). Aliquots of the filtrate were counted, correction (<3%) being made for adsorption of counts to the filter paper of incubation mixtures without any granular suspensions. There was no precipitation of calcium oxalate. Filtration through Millipore filters of only 0.22 ,p diameter yielded the same number of counts. For adenosinetriphosphatase-activity inorganic phosphate liberated during the same run was concurrently measured, using the FiskeSubba-Row method.2' Relaxing activity was measured by inhibition of skeletal muscle myofibrillar ATPase. 22 The ratio of fibrils to granules was 10:1.
Materials: The sucrose solutions (Baker's analyzed sucrose) were treated with Dowex 50-X8-Na+; when this treatment was omitted, the relaxing activity after gradient centrifugation was invariably lost.
PCMB and Salyrgan were dissolved in minimum amounts of NaOH and diluted to volume. There was a rise of 0.15 pH units on addition of these reagents to the reaction mixtures, but calcium uptake was found to be unchanged between pH 7.0 and 7.8.
Results.-In the initial series of centrifugations, the yield of each fraction was approximately 15-25 mg protein, i.e., fraction II was about 2/3 of the yield obtainable from skeletal muscle.9 The fractions were immediately tested for calcium uptake, ATPase activity, and relaxing activity.
The time course of calcium uptake and ATP splitting are given in Figure 1 . Both activities were greatest in fraction II, followed by fractions I and III. The initial rate of calcium uptake was considerably lower than observed in granule preparations from skeletal muscle.9 Inhibition of myofibrillar ATPase activity was 30-40 per cent in fraction II, and only about 0.5 per cent in fraction I and 1 per cent in fraction III. These preparations were unstable but suspensions in 40 per cent sucrose could be kept on ice for 3 days, with slowly diminishing activity (only fraction II was tested).
Of the three layers obtained on gradient centrifugation, the bottom layer showed minimal calcium uptake, the top (red) layer showed 3/4 as much calcium uptake as the center layer which had the main calcium pumping activity. The center layer or purified microsome fraction showed at least as much and often more calcium pumping activity per mng protein than observed before gradient centrifugation. All the relaxing activity was found in this fraction. Single glycerinated muscle fibers also showed relaxation in the presence of the microsome fraction; the relaxation was reversed on addition of calcium. This purified fraction could be stored on ice for as long as 1 week (longest time tested) with little decline of activity (Fig. 2) . As shown in Figure 2 , the uptake on the 6th day after preparation (measured after 16 min incubation) remained at about 65 per cent of maximum, maximum uptake being limited by the availability of 0.4 Mmole calcium per mg of protein. Electron micrographs showed that no mitochondria or mitochondrialike structures were present. (To be numerically exact, one mitochondrion was seen in approximately 60,000 sarcotubular vesicles.) An electron micrograph of a typical preparation of this granular fraction is shown in Figure 3 .
In the absence of calcium, ATP was split at a lower rate. The increased splitting , no addition; ----0, 1 mM Salyrgan; *, 1 mM Salyrgan + 5 mM cysteine; x, without calcium.
of ATP by the ATPase stimulated with calcium (extra ATPase) showed a relation to the calcium uptake of 1-2 mole calcium taken up for every mole of ATP extrasplit, under our experimental conditions (Fig. 4) ; that is, more calcium was taken up per mole ATP at a higher free calcium concentration.
The calcium pumping as well as the ATPase activities were inhibited by P0MB and by Salyrgan (Figs. 5 and 6 ). The extent of inhibition of the calcium pumping and of the ATPase activity was the same at 0.5 as at 1 mM concentration of sulf- hydryl reagents. The residual calcium uptake must be ascribed to nonspecific adsorption, as this amount of calcium was taken up also in the absence of ATP and inhibition was practically complete when calcium uptake was measured at a protein concentration of only 0.08 mg/ml. Both the calcium uptake and ATPase activities could be protected by previous addition of cysteine (Figs. 5 and 6). However, when cysteine was added after 4 min incubation with PCMB, the effect was not reversible. Furthermore the inhibition of the ATPase with sulfhydryl reagents corresponded to the inhibition in the absence of calcium. Under conditions in which calcium availability was made not to be the limiting factor for calcium uptake, i.e., by lowering the protein concentration with calcium concentration held constant, both initial rate as well as total activity could be doubled. The results for a typical preparation are shown in Figure 7 .
Discussion.-While obviously representing only a first survey, the phenomena described in this paper allow a discussion of several facets of the activity of cardiac sarcotubular vesicles.
The first of these refers to the possible role of the sarcotubular system in the relaxation-contraction cycle of the heart. The above finding that isolated sarcotubular vesicles from heart muscle can regulate the supply of calcium and the demonstration23 of calcium movement during ventricular contraction and relaxation, taken together, indicate the involvement of the sarcotubular system. The calcium pumping of the cardiac sarcotubular vesicles may well be the process which links the excitation of the plasma membrane with the contraction of the myofibrils. The lower yields of isolated vesicles from the heart compared with skeletal muscle correspond with the less abundant endoplasmic reticulum observed in electron micrographs of the heart. The somewhat lower activity of these isolated vesicles may be due to a very rapid loss of activity in the preparative procedure or may have physiological significance with respect to the relative slowness of cardiac contraction compared with that of skeletal muscles; alternatively it may relate to the constancy of the heart beat as opposed to the twitch and rest pattern of skeletal muscle.
Second, the calcium transport in cardiac sarcotubular vesicles as described here shows some similarities with the reported ATP-dependent calcium accumulation of heart mitochondria,24 except that the latter is not inhibited by Salyrgan24 in contrast to the present observations on the sarcotubular vesicles.
The utilization of ATP in ion transport and the participation of a phosphorylated high-energy intermediate has been suggested for mitochondria24' 25 aiid for sarcotubular vesicles from skeletal muscle.9' 26 The data presented here do not elucidate the mechanism for this transport; however, it is apparent that ATP could provide the energy for the accumulation of calcium. The relation of one to two moles of calcium transported for one mole of extra splitting of ATP certainly suggests a connection between calcium transport and ATPase activity, similar to that reported for skeletal muscle granules.5' 6, 26 Third, when comparing the sarcotubular preparations with those obtained from skeletal muscle,9 we note considerable resemblance in the fundamental phenomena. As to differences, the low yields already discussed and the great lability must be mentioned. The reason for the much greater lability of the cardiac vesicles than of the skeletal preparations is not clear at present. One is tempted to speculate that contamination with blood in the initial stage of preparation may play a role. The lability, however, was overcome by the addition of ascorbic acid in the early stages of the preparation and by the partial purification of the vesicles by gradient centrifugation. The purified particles showed approximately 3 times the total calcium uptake and 20 times the initial rate of uptake previously reported.'7 The initial rate of uptake approached that of skeletal vesicles.9 Thus the presence of a very active sarcotubular system in the heart has been demonstrated.
A unique property of the cardiac granules is the high rate of ATP splitting. This is due to the highly active basic ATPase, while the extra splitting that occurred in the presence of calcium amounted to only a fraction of the total splitting. Furthermore, it appears that the extra splitting corresponds to that part of the ATPase activity which is inhibited with PCMIB or Salyrgan. The simplest possible way to explain the inhibition of the calcium pumping and the partial inhibition of the ATPase activity by sulfhydryl reagents is to postulate that calcium transport in cardiac muscle is mediated by an enzyme with active sulfhydryl groups, located in the sarcotubular membranes.
Summary.-A granular fraction derived from rabbit hearts by fragmentation of the endoplasmic reticulum was partially purified by gradient centrifugation in sucrose. This sarcotubular fraction rapidly accumulated calcium in the presence of oxalate, Ai\Ig++, and ATP. There was an increase in ATP splitting over that observed in the absence of calcium, with one or two moles of calcium taken up for one mole ATP extra-split. Calcium uptake as well as ATP splitting were inhibited by p-choloromercuribenzoate and by Salyrgan pointing to the involvement of an enzyme with active sulfhydryl groups. This system may well be active in excitation-contraction coupling. Grateful The present study follows up a briefly reported observation by Monro'1-of a specific hydrolysis of GTP catalyzed by combination of a supernatant fraction with ribosomes. The following is an attempt to correlate more closely the GTPase effect with amino acid polymerization using as a test system the polyuridylic acidmediated polyphenylalanine synthesis in E. coli.4
Methodology.-Synthesis of GTP--y-P32: Photophosphorylation with crude spinach chloroplast preparations, very low in myokinase, was used to make GTP--y-P32 from GDP and P32-phosphate. The chloroplasts were isolated essentially as described by Jagendorf and Avron.5 The reaction mixture contained in a 3-ml volume: 200 ,moles of Tris-HCl pH 7.8, 25 jMmoles of MgCl2, 0.1 ,umole of phenazine methosulfate, 1 ,umole of GSH, 8 jmoles of GDP, 10 Mimoles of potassium phosphate pH 7.8, 0.2 ml of the chloroplast suspension, and about 1 mc of neutralized P32-phosphate which had been purified by passage through a small column (0.5 cm X 1 cm) of the acid form of Dowex-50. The suspension was illuminated for 15 min at 15-20o in a glass water bath 11/2 inches above a General Electric 500-w photoflood lamp, and the reaction terminated by boiling for 3 min.
The radioactive GTP was isolated on a 2-ml Dowex-1 (HCO3) column (0.5 cm I.D.) at 4°.
The column was washed with 200 ml of 0.4 M KHCO3 to remove unreacted inorganic phosphate, and the GTP32 was eluted with 0.8 M KHCO3. The radioactive fractions were pooled and treated
